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Understanding the mechanisms of coral calcification is critical for accurately projecting
coral reef futures under ocean acidification and warming. Recent suggestions that
calcification is primarily controlled by organic molecules and the biological activity of the
coral polyp imply that ocean acidification may not affect skeletal accretion. The basis for
these suggestions relies heavily on correlating the presence of organic matter with the
orientation and disorder of aragonite crystals in the skeleton, carrying the assumption
that organic matter observed in the skeleton was produced by the polyp to control
calcification. Here we use Raman spectroscopy to test whether there are differences in
organic matter content between coral skeleton and abiogenic aragonites precipitated
from seawater, both before and after thermal annealing (heating). We measured the
background fluorescence and intensity of C-H bonding signals in the Raman spectra,
which are commonly attributed to coral polyp-derived skeletal organic matrix (SOM)
and have been used to map its distribution. Surprisingly, we found no differences in
either fluorescence or C-H bonding between abiogenic aragonite and coral skeleton.
Annealing reduced the molecular disorder in coral skeleton, potentially due to removal
of organic matter, but the same effect was also observed in the abiogenic aragonites.
The presence of organic molecules in the abiogenic aragonites is further supported
by measurements of N content and δ15N. Together, our data suggest that some of
what has been interpreted in previous studies as polyp-derived SOM may actually be
seawater-sourced organic matter or some other signal not unique to biogenic aragonite.
Finally, we create a high-resolution Raman map of a Pocillopora skeleton to demonstrate
how patterns of fluorescence and elevated calcifying fluid aragonite saturation state (Ar )
along centers of calcification are consistent with both biological and physico-chemical
controls. Our aim is to advance discussion on biological mediation of calcification and
the implications for coral resilience in a high-CO2 world.
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INTRODUCTION
That organic molecules are involved in coral calcification has
been recognized for nearly half of a century. Barnes (1970)
proposed the existence of “a supersaturated solution of calcium
carbonate suitably buffered with organic molecules and inorganic
ions to favor the precipitation of aragonite” in an isolated, micro-
scale space located between the living polyp and the skeleton.
Since Barnes’ hypothesis, vigorous debate has proceeded with
different groups arguing for the relative importance of the
organic and inorganic aspects of calcification, without a clear
consensus (reviewed in Tambutté et al., 2011; Falini et al.,
2015).
Understanding the mechanisms of coral calcification has
received growing attention since the recognition that invasion
of anthropogenic CO2 into the ocean is driving acidification
via declines in pH and the saturation state of aragonite
(Ar) in seawater (Caldeira and Wickett, 2003). The observed
sensitivities of coral calcification rates to seawater Ar in
laboratory experiments support the notion that the accretion
of coral skeleton is, at least in part, a physicochemical process
in which crystal growth rates depend on Ar (Gattuso et al.,
1998; Langdon et al., 2003; Langdon and Atkinson, 2005; Chan
and Connolly, 2013). Elevated Ar at the site of calcification
may be “biologically mediated” (or “additive mediated” following
Tambutté et al., 2011) via pH up-regulation, Ca2+ pumping,
and the use of the carbonic anhydrase enzyme to catalyze
the hydrolysis of CO2 to bicarbonate and then carbonate
(McConnaughey and Whelan, 1997; Al-Horani et al., 2003;
McCulloch et al., 2012; DeCarlo et al., 2018). Yet arguments
have persisted for an entirely “biologically controlled” process (or
“organic matrix template” model in Tambutté et al., 2011), based
largely on observations of the skeletal organic matrix (SOM),
even leading to recent suggestions that ocean acidification may
be of less concern for coral calcification (Mass et al., 2013; Drake
et al., 2017; Von Euw et al., 2017).
At least three lines of evidence support the role of the
SOM in coral calcification. First, organic matter coats aragonite
crystals in the skeleton (Clode and Marshall, 2002), and elevated
organic matter content is closely associated with the relatively
disordered centers of calcification (COCs; also called “rapid
accretion deposits” or RADs) (Benzerara et al., 2011; Falini
et al., 2013; Von Euw et al., 2017). Second, organic molecules
extracted from the skeleton have been attributed to certain
roles in crystal growth (Constantz and Weiner, 1988; Weiner
and Addadi, 1991; Allemand et al., 1998; Goldberg, 2001; Cuif
et al., 2008; Reggi et al., 2014; Takeuchi et al., 2016), with
some proteins even capable of inducing spontaneous aragonite
precipitation from seawater (Mass et al., 2013). Finally, the unit
cell of biogenic aragonite contracts after annealing (i.e., heating
and allowing to cool), presumably due to the removal of the
SOM from the lattice (Pokroy et al., 2004; Reggi et al., 2014;
Zolotoyabko, 2017). Together, there is compelling evidence that
organic molecules are present within coral skeletons and that
they are related, in some way, to the nucleation of aragonite
crystals. However, it is often implicitly assumed that the organic
molecules found in skeletons originate solely from the coral
polyp and that they play an active, rather than passive, role in
calcification. Conversely, Benzerara et al. (2011) proposed that
organic molecules could be inertly trapped in the skeleton during
rapid crystal nucleation (see also “bio-inorganic” calcification
model in Tambutté et al., 2011), but this hypothesis has yet to
be tested.
Directly assessing the role of organic molecules during coral
skeleton accretion is difficult because the site of calcification
is microns or less in size and inaccessible due to its location
beneath the polyp (Tambutté et al., 2011). It is for this reason that
studies of the organic matrix have relied heavily on characterizing
its composition and location within the skeleton (in which
it composes less than 0.1% by mass), rather than by direct
observations during crystal growth (Allemand et al., 2004; Reggi
et al., 2014; Wang et al., 2015). Techniques for observing and
mapping the distribution of the SOM include scanning electron
microscopy (Clode and Marshall, 2002), helium ion microscopy
(Von Euw et al., 2017), transmission electron microscopy
(Benzerara et al., 2011; Falini et al., 2013), and fluorescence as
detected by a Raman spectrometer (Jolivet et al., 2008; Nehrke
et al., 2011; Wall and Nehrke, 2012; Von Euw et al., 2017).
Of these, Raman spectroscopy is advantageous in that it can
potentially identify certain organic bonds, and the same spectra
provide information regarding the chemical composition of the
aragonite crystals (Bischoff et al., 1985; Nehrke et al., 2011;
Wall and Nehrke, 2012; DeCarlo et al., 2017; Von Euw et al.,
2017).
Here, we use fluorescence and C-H bonding signals in
Raman spectroscopy to characterize organic content in coral
skeleton and abiogenic (i.e., synthetic) aragonites precipitated
from seawater, before and after thermal annealing. Figure 1
illustrates our hypotheses, which were designed to test implicit
assumptions regarding SOM that persist in the literature: (1)
If the organic molecules found in coral skeletons are derived
solely from the polyp and corals precipitate their skeletons
from seawater (Gagnon et al., 2012), then aragonite crystals
precipitated from filtered seawater in the absence of a coral
should not contain organics and therefore should neither
fluoresce nor have C-H bonding peaks (Figure 1); and (2) if
organic molecules are responsible for the disorder in coral
aragonite crystals, then annealing should cause a reduction
in the molecular disorder (i.e., an increase in crystallinity)
coupled with a decrease of organic matter content in the
skeleton, but not in abiogenic aragonites (Figure 1). These
hypotheses assume that organic matter is associated with
the aragonite crystals during their precipitation, rather than
contamination. To help address these questions, we also measure
N content and δ15N as an independent means of assessing
possible sources of organic matter in the abiogenic aragonites.
It is important to recognize that this study is not a test of
whether a polyp-derived SOM exists or its particular role in
calcification. Rather, with specific tests (hypotheses 1–2 above)
on abiogenic and annealed samples, we can begin to address
some of the common assumptions regarding the SOM, and
ultimately advance our understanding of the origin of organic
molecules in coral skeleton and their potential functions during
calcification.
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FIGURE 1 | Expected signatures of organic molecules present in coral skeleton relative to abiogenic aragonite and annealed coral. (A) Raman spectra of coral
skeleton are anticipated to fluoresce in the 2,400–2,700 cm−1 region (Nehrke et al., 2011; Wall and Nehrke, 2012), whereas abiogenic aragonite and annealed coral
should not. (B) C-H bonding peaks in the 2,850–3,000 cm−1 region are expected in coral skeleton (Perrin and Smith, 2007; Von Euw et al., 2017), but not in
abiogenic aragonite or annealed coral. (C) The ν1 peak at ∼1,085 cm
−1 (representing symmetric C-O stretching) should be wider in coral skeleton than abiogenic
aragonite or annealed coral due to disorder caused by organic molecules (Von Euw et al., 2017).
METHODS
Samples Analyzed With Raman
Spectroscopy
Raman spectroscopy was used to analyze abiogenic
aragonites precipitated from 0.2-µm filtered Vineyard Sound
(Massachusetts, USA) seawater (described in DeCarlo et al.,
2015; Holcomb et al., 2016) and the JCp-1 Porites coral skeleton
(Okai et al., 2002), both before and after thermal annealing.
Briefly, the abiogenic aragonites were precipitated by addition
of NaHCO3 and Na2CO3 solutions to seawater, combined with
air/CO2 bubbling, which together increases Ar and induces
crystal nucleation. Following precipitation, the aragonites
were rinsed with ethanol and then 18M ohm deionized water,
stored in glass vials that were washed with deionized water,
and always handled with latex gloves. Subsamples of the same
abiogenic samples have previously been analyzed with Raman
spectroscopy using an infrared (785 nm) laser (DeCarlo et al.,
2015, 2017), which reduces or eliminates fluorescence from
organic molecules.
Raman 532nm Measurements
In this study, all samples (abiogenic aragonites and JCp-1 coral)
were re-analyzed in the visible spectrum with a green (532 nm)
laser to quantify the fluorescence signal from organics. Although
there is potential for photo-bleaching due to prior exposure to the
785 nm laser, our photo-bleaching test (described below) showed
that the 1 s exposures used do not alter the organic signals by
more than a few percent, and both abiogenic and coral samples
were treated in the same way (785 nm analyses first, followed
by 532 nm analyses). Measurements were made with a WITec
Alpha 300RA+ Raman spectrometer with a CCD detector at
−60◦C, a 20x objective with a 0.5 numerical aperture, and using
1 s acquisitions. A 600 mm−1 grating was used, allowing us
to capture the Raman shift between 100 and 3,400 cm−1. The
instrument wavenumber is routinely calibrated by analysis of a
silicon chip. Powders of each sample were spread onto a glass
slide, and topography maps were made with the TrueSurface
module. Ramanmeasurements followed each topography map to
ensure the optics remained in focus on the sample surfaces. For
each sample, 100 Raman spectra were collected in a 10 by 10 grid
with 30µm between spots (300 by 300µm area).
Photo-Bleaching Experiment
To test whether observed fluorescence was caused by organic
molecules, as opposed to fluorescence from the crystals
themselves or artifacts of the instrument, we also photo-bleached
(with the 532 nm laser) one abiogenic aragonite sample for 3 h
while collecting spectra every 1 s (Shea and Morris, 2002; Golcuk
et al., 2006; Onogi and Hamaguchi, 2009).
Annealing Experiment
We concentrated our study on JCp-1 and the abiogenic samples
that were repeatedly analyzed in DeCarlo et al. (2017): samples
f02, f03, f06, g07, g13, and h09, which span a range of fluid
Ar from 10 to 30. We then annealed a subset of JCp-1 and the
abiogenic samples f03 and f06 following the procedure of Pokroy
et al. (2004). The samples were heated in an oven at 140◦C for
16 h and then allowed to cool to room temperature before Raman
analyses.
Raman 785nm Measurements
In addition to the measurements described above with the
532 nm laser, the annealed samples were also analyzed before
and after heating with the same Raman instrument but with a
785 nm laser and 1,200 mm−1 grating as described in DeCarlo
et al. (2017). These measurements with the 785 nm laser were
conducted to evaluate any changes in crystal disorder due to the
annealing process. We used repeated analyses of a silicon chip
(primary peak at 520.5 cm−1) with the 785 nm laser to calibrate
our measurements.
Pocillopora Skeletal Mapping
Analyses of JCp-1 are useful in that they can be readily
reproduced by other researchers because JCp-1 powder has been
distributed to laboratories around the world (Hathorne et al.,
2013). However, since JCp-1 is homogenized (Okai et al., 2002),
it is impossible to map the spatial distribution of organics within
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the skeleton. Therefore, we also used Raman spectroscopy to
analyze the skeleton within the tissue layer of a Pocillopora
damicornis coral. The colony was collected live on 31 May 2017
from a back reef environment of Ningaloo Reef in Western
Australia (23.155◦S 113.752◦E). The tissue layer was removed
with a water jet, the skeleton was embedded in epoxy (EPOTEK
301), and a petrographic thin section was prepared. Using
reflected light, we identified a region of the skeleton within 2mm
of the growing tip with clear COCs. Two Raman maps of the
same 1mm by 0.2mm area were created using the automated
stage of the WITec instrument. The first was made with the
785 nm laser at 1µm resolution using 0.3 s integrations. We used
the 785 nm data to calculate the Ar at each 1µm spot based
on the calibration between ν1 peak width and Ar reported in
DeCarlo et al. (2017). This calibration is based on the strong
relationship observed between the fluid Ar of the abiogenic
aragonite experiments and the aragonite lattice disorder as
represented by the ν1 peak width. Next, we switched to the
532 nm laser and mapped the same area at 2µm resolution using
0.1 s integrations to visualize the distribution of organic matter
signals (fluorescence and C-H bonding). To compare these
data collected with 0.1 s integrations to the analyses described
above with 1 s integrations, we removed the baseline intensity
(determined by “dark” spectra with the laser off) of the 0.1 s data
and then multiplied the spectra by a factor of 10. We removed
all spectra with evidence of epoxy contamination, based on the
presence of peaks in the 1,200–2,000 cm−1 region of the spectrum
that are not attributable to aragonite but are common in thin
section mounting epoxies (Dieing et al., 2011; Jolivet et al., 2013).
Note that we never detected any non-aragonite peaks in analyses
of the powder samples.
Data Treatment of Raman Spectra
Two main approaches to characterize organics from Raman
spectra have been used in the literature: quantifying the
background fluorescence in the 2,400–2,700 cm−1 region
(Nehrke et al., 2011; Wall and Nehrke, 2012; Beierlein et al.,
2015) and anomalies in the 2,850–3,000 cm−1 region attributed
to C-H bonds (Lin-Vien et al., 1991; Perrin and Smith, 2007;
Jolivet et al., 2008; Nehrke et al., 2011; Von Euw et al., 2017).
Here, we evaluated the organic matter content in a variety of
ways based on the data in these two regions of the spectra.
First, we calculated the mean intensity between 2,400 and 2,700
cm−1, a technique previously used as a measure of SOM content
in mollusks and corals (Nehrke et al., 2011; Wall and Nehrke,
2012). It is important to recognize that this fluorescence is not a
Raman scattering mode, but rather a resonant effect (measured
in CCD counts) that has been attributed to organic molecules
(Nehrke et al., 2011; Von Euw et al., 2017). The background
fluorescence intensity can, however, vary depending on the focus
and orientation of the sample. In an attempt to account for
this, we also normalized the fluorescence signal to the maximum
intensity measured in the Raman ν1 peak between 1,080 and
1,100 cm−1 (following e.g., Jolivet et al., 2008; Thompson et al.,
2015), which represents the symmetric C-O stretching in CaCO3.
Next, we quantified the C-H bonding signal as the mean intensity
in the 2,850–3,000 cm−1 region after subtracting the background
signal (i.e., the mean intensity of the 2,830–2,850 cm−1 and the
3,000–3,020 cm−1 regions), which is analogous to integrating
the area under the C-H bonding peaks (Von Euw et al., 2017).
Additionally, we calculated the relative standard deviation (RSD)
in the 2,850–3,000 cm−1 region (i.e., the standard deviation
divided by the mean) because the presence of C-H bonds
should increase the relative variance within this part of the
spectrum (Jolivet et al., 2008; Von Euw et al., 2017). We used
linear regressions to test for significant relationships between the
organic content metrics and the known fluidAr .
We also calculated the ν1 wavenumber (i.e., position)
and full width at half maximum (FWHM) to gain insights
into crystallographic changes due to annealing. The FWHM
represents the distribution of C-O bond lengths, and thus
depends on the disorder within the crystal lattice (Bischoff
et al., 1985). Peak wavenumber reflects the average C-O bond
length, which could change if the aragonite unit cell contracts or
expands (Bischoff et al., 1985; Urmos et al., 1991). Although both
wavenumber and FWHM could be influenced by Mg content,
the relatively small concentrations of Mg in aragonite, compared
to high-Mg calcite, make the role of Mg minor or negligible
(Bischoff et al., 1985; Pauly et al., 2015; DeCarlo et al., 2017). We
used two-sample t-tests to investigate whether ν1 wavenumber
and FWHM significantly changed after the annealing procedure.
N Content and δ15N
We measured N content and δ15N in a subset of the abiogenic
samples to independently evaluate the presence of organics
and their possible sources. These analyses require >20mg
of aragonite powder, which exceeds the amount of material
remaining for most of the abiogenic samples after previous
measurements (DeCarlo et al., 2015; Holcomb et al., 2016).
Therefore, we chose to mix three abiogenic samples (f02,
f03, and f06) that had enough material remaining and that
precipitated across the full range of Ar . This mixing was done
to achieve an approximate mean N content across the abiogenic
aragonites, although it precludes analysis of the dependence
of N content or δ15N on Ar . This mixture was then split
into three subsamples, one each for analyses of different N
fractions. Loosely bound (inorganic) nitrate and nitrite were
measured by directly dissolving the aragonite powder without
oxidation. Total N (including inorganic and organic forms) was
measured by dissolving the aragonite powder and then oxidizing
with purified potassium persulfate. Finally, the mineral-bound N
fraction (including inorganic and organic forms) was measured
by first cleaning the aragonite powder with 13% concentrated
bleach (NaOCl), dissolving, and then oxidizing it also with
purified potassium persulfate. For each fraction, the N content
was analyzed by nitrate reduction to nitric oxide using vanadium
(III) followed by chemiluminescence detection. The δ15N of
the samples was determined using the denitrifier method in
conjunction with gas chromatography and isotope ratio mass
spectrometry at the Department of Geosciences, Princeton
University (Sigman et al., 2001).
Assuming all the N exists in four fractions (loosely-bound
vs. mineral-bound, and inorganic vs. organic; Wang et al., 2015;
Ren et al., 2017), we can use our measurements to estimate
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the concentration of the loosely-bound organic fraction as the
difference between the total N and the sum of the loosely-bound
inorganic fraction and the mineral-bound inorganic/organic
fraction. Additionally, we can estimate by mass balance the
loosely-bound organic fraction δ15N:
R1 = f2R2 + f3R3 + f4R4 (1)
where fi and Ri are the mass proportion and isotope ratio
(15N/14N), respectively, of fraction i, and fraction 1 is the total
inorganic/organic content. If fraction 4 is the loosely-bound
organic fraction (the only fraction not measured), then Equation
(1) can be rearranged to
R4 = (R1 − (f2R2
∗ f3R3))/f4 (2)
where fractions 2 and 3 are the loosely-bound inorganic and the
mineral-bound inorganic/organic, respectively.
RESULTS
All aragonite samples fluoresced under the 532 nm laser
(Figure 2). The coral samples (JCp-1) fluoresced similar to or
less than abiogenic samples, contradicting the expectation that
the abiogenic aragonites would not contain organic matter and
therefore that only coral skeleton would fluoresce (Figure 1A).
Inspection of the spectral region with peaks characteristic of
organic molecules showed no obvious differences among samples
in either the nominal C-H region between 2,850 and 3,000
cm−1 or the broader 2,700–3,300 cm−1 region (Figure 3), again
opposing the expectation that C-H bonds would only be present
in the coral skeleton (Figure 1B).
Our results of photo-bleaching sample g07 suggest that the
fluorescence of the abiogenic samples was like due to organic
molecules that are removed by exposure to a laser in the
visible spectrum (Onogi and Hamaguchi, 2009). Fluorescence
and C-H bonding anomalies both decreased rapidly, with little
evidence of organics remaining after 104 s of photo-bleaching
(Figure 4). This is consistent previous studies that removed
organic molecules from bone tissues by photo-bleaching with
green lasers (Shea and Morris, 2002; Golcuk et al., 2006).
Quantification of organic content metrics likewise showed
little, if any, differences among samples. We plotted these metrics
against fluid Ar in order to (1) visualize any differences among
samples, and (2) assess whether organic matter content correlates
with Ar , which could indicate that more organic molecules are
trapped in faster growing crystals (Perrin and Smith, 2007; Li
and Estroff, 2009; Benzerara et al., 2011). There was a general
tendency of increasing fluorescence with Ar in abiogenic
samples (Figure 5A), but the large variance within samples
precludes any definitive interpretations and the pattern was not
significant [r2 = 0.56, n = 7, p = 0.053, F(1, 5) = 6.397]. After
normalizing to ν1 intensity (Figure 5B), the general tendency of
increasing fluorescence with increasing Ar remained, but the
relationship was still not significant [r2 = 0.24, n = 7, p = 0.086,
F(1, 5) = 1.564]. Anomalies in the C-H bonding region (mean
intensity after background subtraction) also increased with Ar
FIGURE 2 | Fluorescence in coral skeleton and abiogenic aragonite. Raman
intensity (normalized to the ν1 peak maximum) over the spectral range
100–3,400 cm−1 for abiogenic samples (individual spectra in gray, experiment
means in black), JCp-1 skeleton before annealing (blue), and JCp-1 skeleton
after annealing (red). The green and yellow bars indicate the regions used to
assess organic molecules based on total fluorescence (green), and C-H
bonding peaks (yellow). The mineral (aragonite) peaks are labeled: translation
(T), libration (L), ν4 and ν1.
(Figure 5C), but again the relationship was not significant [r2 =
0.54, n = 7, p = 0.058, F(1, 5) = 5.981]. The RSD in the C-H
bonding region showed little pattern with Ar [r2 = 0.04, n =
7, p= 0.67, F(1, 5) = 0.209; Figure 5D].
Critically, the JCp-1 coral samples, both before and after
annealing, fell within the range of abiogenic samples for all
the organic metrics. Indeed, based on the data presented here
combined with previous analyses of the ν1 peak characteristics
(DeCarlo et al., 2017), we cannot find any way to distinguish
the Raman spectrum of the JCp-1 Porites coral from that of an
abiogenic aragonite precipitated from seawater with a similar
Ar (JCp-1 derivedAr is 12.3 based on DeCarlo et al., 2017).
Annealing JCp-1 changed the ν1 peak characteristics
(Figure 6; Table 1). The ν1 FWHM significantly decreased, and
wavenumber significantly increased, after annealing (two-sample
t-tests, n = 100, p < 0.01 for both wavenumber and FWHM).
Similar changes were observed for the abiogenic aragonites
after annealing (Table 1; two-sample t-tests, n = 100, p < 0.01
in all cases). While the decreased FWHM in annealed coral
was expected, any changes in abiogenic aragonite FWHM after
annealing were not (Figure 1C).
N Content and δ15N
The N content and δ15N results from the mixture of abiogenic
samples f02, f03, and f06 are displayed in Table 2. The highest
N content (12.01 µmol g−1) was measured in the total inorganic
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FIGURE 3 | Raman peaks indicative of organic functional groups. Abiogenic aragonites are plotted in black, JCp-1 before annealing in blue, and JCp-1 after
annealing in red, over the spectral ranges (A) 2,700–3,300 cm−1 and (B) 2,850–3,000 cm−1. The magenta line shows the instrument background as determined by
measuring the glass slide adjacent to aragonite samples. Thin lines represent individual spectra, and thick lines represent sample means. Potential organic bonding
peaks are indicated by black vertical bars following Perrin and Smith (2007). The data have been detrended and divided by the mean intensity over each spectral
range to facilitate visualizing spectra from all samples together.
FIGURE 4 | Photo-bleaching abiogenic sample g07. (A) Raman spectra collected every 1 s for 1.1 × 104 s, with colors indicating the various spectra collected over
time. The initial spectra (blue) showed strong fluorescence whereas by the end of the experiment (black), the spectra were nearly flat and fluorescence was absent.
The (B) fluorescence in the 2,400–2,700 cm−1 region and (C) C-H bonding anomaly in the 2,850–3,000 cm−1 region are plotted over time, clearly demonstrating the
removal of these organic signals under exposure to the green laser.
+ organic fraction. We estimated by mass balance the loosely-
bound organic fraction and its δ15N as 9.0 µmol g−1 and 5.56‰,
respectively (Table 2).
High-Resolution Mapping of Pocillipora
Skeleton
In our analysis of the Pocillipora skeleton, several previously
described features of the skeleton are apparent. The COCs are
visible as optically dark regions along the center of the skeletal
spine, with optically light fibers radiating outwards from the
COCs (Cohen and McConnaughey, 2003). Raman ν1 FWHM is
greater in the COCs than the surrounding fibers, and the COCs
are generally characterized by elevated fluorescence and C-H
bonding peaks (Figure 7). Fluorescence increases from typically
<1,000 intensity units in the fibers to as much as 3,000 intensity
units in the COCs. C-H peak anomalies are typically <30 in
the fibers and <100 in the COCs, with a few values reaching
∼150. The fluorescence values, and most of the C-H bonding
anomalies, are within the range of our analyses of JCp-1 and
abiogenic aragonites (Figure 5). Note that in Figures 7C,D we
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FIGURE 5 | Various Raman organic matter metrics plotted against fluid Ar for abiogenic aragonites (black), JCp-1 before annealing (blue), and JCp-1 after annealing
(red). (A) Total fluorescence (mean intensity in 2,400–2,700 cm−1 region). (B) Fluorescence divided by the maximum intensity of the ν1 peak. (C) Total C-H bonding
anomalies (mean intensity in the 2,850–3,000 cm−1 region minus the mean intensity in the 2,830–2,850 cm−1 and 3,000–3,020 cm−1 regions). (D) Relative standard
deviation in the C-H bonding region (standard deviation divided by the mean intensity over 2,850–3,000 cm−1 ). Points represent means and error bars indicate
standard deviations of the 100 spectra collected for each sample. All metrics are in arbitrary units based on Raman intensity.
FIGURE 6 | Effects of annealing on ν1 peak parameters of abiogenic aragonites and coral skeleton. In each panel, the blue and red lines indicate the average of 100
spectra collected before and after annealing, respectively. The dashed lines indicate peak wavenumber, and the translucent rectangles indicate the FWHM (blue and
red for before and after annealing, respectively, and purple where there is overlap). For all three samples, annealing increased the peak wavenumber (red dashed lines
are to the right of the blue ones) and decreased the peak width (red rectangles are narrower than the blue ones).
have removed all spectra with evidence of contamination from
the mounting epoxy, which is known to produce anomalous C-H
bonding signals (Dieing et al., 2011). While checking for epoxy
contamination is now standard practice in Raman analyses of
CaCO3 fish otoliths (Jolivet et al., 2013), it has not always been
done in Raman studies of coral skeletons, making it difficult to
determine whether C-H bonding signals arise entirely from the
skeleton or partly from epoxy contamination. This may be one
reason why previously reported C-H bonding signals (e.g., Von
Euw et al., 2017) appear clearer than our analyses of powder
samples (Figure 3), which were never exposed to epoxy and
showed no signs of such contamination in the Raman spectra.
DISCUSSION
Organic Matter in Abiogenic and Coral
Samples
The organic matter in coral skeleton is typically considered
to be a SOM that is produced by the coral polyp and that
plays an active role in crystal nucleation and growth (Von
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TABLE 1 | Changes in ν1 peak properties (units of cm
−1 ) due to thermal annealing.
Sample Annealing FWHM 1 FWHM Wavenumber 1 Wavenumber
JCp-1 Before 3.52 ± 0.01 −0.25 ± 0.01 1085.545 ± 0.003 0.132 ± 0.004
After 3.27 ± 0.01 1085.677 ± 0.003
f03 Before 3.98 ± 0.01 −0.30 ± 0.01 1085.637 ± 0.003 0.117 ± 0.005
After 3.68 ± 0.01 1085.754 ± 0.004
f06 Before 3.465 ± 0.004 −0.36 ± 0.01 1085.565 ± 0.003 0.135 ± 0.010
After 3.13 ± 0.01 1085.70 ± 0.01
Uncertainties given as 1 standard error of the mean. FWHM is reported as measured values, which are sensitive to spectral resolution. For example, the measured JCp-1 FWHM of
3.52 cm−1 corresponds to a true FWHM of 3.00 cm−1 based on our spectral resolution of 1.3 cm−1. The wavenumber data have been corrected according to the difference between
our Si peak (522.9 cm−1) and its generally accepted value of 520.5 cm−1.
TABLE 2 | N content and δ15N of various N fractions of the mixture of abiogenic
samples f02, f03, and f06.
Group N fraction N content
(µmol g−1)
δ15N (‰)
1 Total inorganic + organic 12.01 2.84
2 Loosely-bound inorganic 1.81 −6.81
3 Mineral-bound inorganic + organic 1.19 −3.08
4 Loosely-bound organic (estimated) 9.0a 5.56b
aDifference in N content between group 1 and the sum of groups 2 and 3.
bBy mass balance (Equation 2).
Euw et al., 2017). If this is true, it thus follows that abiogenic
aragonite should not contain organics, assuming there is no
sample contamination. However, our results demonstrate that
background fluorescence and C-H bonding peaks in Raman
spectra are persistent features of aragonite precipitated from
seawater, whether the aragonite was precipitated by a coral polyp
or abiogenically in a beaker (Figures 2, 3). Despite calculating
multiple metrics of organic matter content, we could find no
measureable differences between the spectra of coral skeleton
and those of abiogenic aragonite precipitated from seawater
(Figure 5). Since coral calcification reflects seawater chemical
signals and is presumed to proceed from a seawater-sourced fluid
(Gagnon et al., 2012), the Raman spectra of coral skeletons do not
necessarily indicate the presence of a polyp-derived SOMbecause
the fluorescence and C-H bonding peaks could result instead
from seawater organic matter trapped during crystal growth.
These aspects of the abiogenic spectra are most likely caused by
organic molecules since organic N was detected (Table 2) and
because fluorescence and C-H bonds are removed with photo-
bleaching (Figure 4), similar to previous Raman studies that
removed organic molecules from bone by photo-bleaching (Shea
and Morris, 2002; Golcuk et al., 2006).
One possibility to explain the similar fluorescence and
C-H bonding between abiogenic aragonite and coral skeleton
is that organic matter from seawater is trapped in growing
aragonite crystals (Benzerara et al., 2011). Tendencies toward
higher organic indices with increasing Ar (Figures 5A–C, r2
between 0.24 and 0.56) may suggest this organic trapping
mechanism increases under more rapid crystal growth as has
been observed previously for calcite (Li and Estroff, 2009),
but this interpretation remains inconclusive due to the lack of
statistically significant correlations between the metrics and Ar
(0.05< p< 0.10).
Another possible explanation is that polyp-derived SOM is
concentrated in a small fraction of the skeleton such that our
Raman analyses of bulk skeleton powders (JCp-1) did not detect
substantial differences from abiogenic aragonites. The laser in
our Raman system has a spot size of ∼1µm, meaning that
our measurements represent discrete points spread across the
powdered samples. For instance, if polyp-derived SOM is only
present in COCs, it is possible that a relatively minor percentage
of our laser spots were placed on COCs in the JCp-1 powder, or
that the proportion of skeleton with polyp-derived SOM is small
enough that it does not substantially affect the organic matter
metrics that are averaged over the bulk skeleton (Figure 5).
Our measurements of N content and δ15N provide some
constraints on the source of organics in the abiogenic samples.
Most (∼75%) of the N appears to be in a loosely bound organic
form with a δ15N of 5.6‰ (Table 2). Although we did not
measure the nitrogen isotopic composition of the Vineyard
Sound seawater from which the aragonites precipitated, 5.6‰ is
within the range (albeit on the high end) of dissolved organic
nitrogen (DON) δ15N in the Atlantic Ocean (∼3–6‰) (Knapp
et al., 2011). Thus, our results may indicate that DON is either
adsorbed or weakly trapped by aragonite crystals precipitating
from seawater, as previously hypothesized (Benzerara et al.,
2011). We also detected a substantial N fraction (1.19 µmol g−1)
tightly bound to the mineral phase, at least half of that typically
found in coral skeletons (Wang et al., 2015), although we cannot
distinguish whether this N is organic or inorganic. While these
results should be replicated to more thoroughly characterize N
incorporation mechanisms in abiogenic aragonites, they support
our conclusion that organic molecules cause the fluorescence and
C-H bonds in the Raman spectra of these aragonites.
Insights From Annealing Experiments
Results obtained from annealed samples provide further insight
into the organics in our aragonite samples. Pokroy et al.
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FIGURE 7 | High-resolution Raman mapping of a Pocillopora skeleton. (A) Reflected light image showing the COCs and radiating fibers as dark and light regions,
respectively. The black box indicates the region in (C,D) for Raman mapping. (B) 1-µm resolution Raman map (using 785 nm laser) showing ν1 peak width, which has
been translated to Ar based on the calibration of DeCarlo et al. (2017). The COCs are clearly associated with relatively high Ar . (C,D) 2-µm resolution Raman maps
(using 532 nm laser) of fluorescence (C) and C-H bonding peak anomalies (D). In (B) we removed spectra that represent only epoxy (i.e., those without a detectable
ν1 peak). In (C,D) we removed spectra partially contaminated by epoxy and retained only those which represent analyses of strictly skeleton.
(2004) clearly showed with X-ray diffraction (XRD) that
biogenic calcium carbonates contain lattice distortions relative
to “geological” samples, and that these lattice distortions mostly
disappear (i.e., the unit cell shrinks) after even mild heating
(140◦C for 16 h). Similar results have been achieved on a variety
of biogenic calcium carbonates (Pokroy et al., 2006a,b, 2009;
Stolarski et al., 2007; Zolotoyabko et al., 2007; Reggi et al., 2014;
Zolotoyabko, 2017), including corals, and have been attributed
to the degradation of intra-crystalline SOM by heating. While
Raman spectroscopy cannot be used to quantify the unit cell
parameters with the precision of XRD, we expect the unit cell
changes to manifest in the Raman ν1 peak as (1) a decrease
in FWHM due to decreased disorder, and (2) an increase in
wavenumber due to the shorter bond lengths, and thus higher
frequency vibrations, in the contracted unit cell. Indeed, this
is exactly what we observed after annealing JCp-1, entirely
consistent with the results of Pokroy et al. (2004) and subsequent
studies (reviewed in Zolotoyabko, 2017).
However, our results cast doubt on the interpretation that the
lattice changes induced by annealing result from the removal of
polyp-derived SOM. First, we found no significant differences in
the Raman-based organic matter metrics of JCp-1 before and
after annealing (Figure 5). This was surprising because the N
content data suggested that most of the Nwas loosely bound, thus
potentially indicating that the fluorescence and C-H bonding
signals come primarily from the mineral-bound organic fraction.
The second line of evidence that polyp-derived organics did
not cause the lattice changes is that the same effects (decreased
FWHM and increased wavenumber) were observed in abiogenic
aragonites (Table 1; Figure 6). One explanation is that the lattice
changes were induced by subtle loss of organic matter (Dauphin
et al., 2006), below the level of change that we could detect.
However, if this is the case, then the lattice strains are not specific
to organic matter produced by the coral and could be the result
of removing seawater-sourced organic matter from the crystals.
Another possibility is that no organic matter was removed or that
lattice strains are unrelated to organic matter, which is consistent
with the lack of any changes in the lattices of chemically bleached
(i.e., treated with NaOCl) biogenic aragonites (Pokroy et al.,
2006a; Nehrke et al., 2011). It is important to recognize that
the changes in lattice parameters could result directly from
the annealing process. Indeed, annealing (commonly defined as
“heating and allowing to cool slowly, in order to remove internal
stress”) is well known to increase crystallinity independent of
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organic matter (Choi et al., 1999; Nasdala et al., 2001; Nguyen
et al., 2009).
Summary and High-Resolution Raman
Mapping
Together, our Raman analyses of abiogenic aragonite and coral
skeleton before and after annealing highlight the difficulty of
identifying the source of organic matter found in coral skeleton
and its role in the calcification process. Abiogenic aragonites
precipitated from seawater should be used as controls when
investigating organic molecules in coral skeletons. The results
of our study suggest that the presence of organic matter in
aragonite is not sufficient evidence for identifying coral polyp-
derived SOM. This is not to say that coral polyps do not produce
a SOM, but rather that it is not yet clear how to identify and
quantify it. Indeed, the findings of proteins capable of inducing
aragonite precipitation from seawater make a compelling case
that polyps actively modulate crystal nucleation (Drake et al.,
2013; Mass et al., 2013). The outstanding question, however,
is what role the SOM plays throughout the entire skeleton-
building process. Arguments that skeletal accretion is entirely
biologically controlled, independent of calcifying fluid pH orAr
(Von Euw et al., 2017), cannot be reconciled with the abundant
evidence that calcification is sensitive to seawater carbonate
chemistry (Langdon et al., 2003; Langdon and Atkinson, 2005;
Cohen et al., 2009; Chan and Connolly, 2013; Comeau et al.,
2013, 2017; Drenkard et al., 2013; Venn et al., 2013) or with
geochemical evidence that coral skeletons are precipitated from
a seawater-like solution (McConnaughey, 1989; Adkins et al.,
2003; Cohen and McConnaughey, 2003; Gaetani and Cohen,
2006; Gagnon et al., 2007, 2012; Trotter et al., 2011; McCulloch
et al., 2012, 2017; D’Olivo and McCulloch, 2017). Yet, that SOM
may be involved as a template for initial crystal nucleation
in COCs, as a buffer of calcifying fluid pH, or as a means
to control the size and orientation of crystals, is consistent
with the available evidence and with the original hypothesis
of Barnes (1970). This explanation allows for an active role of
SOM in part of the skeleton (the COCs), while physicochemical
aspects (e.g., Ar) are still important for the bulk of skeletal
accretion.
Using Raman maps of the Pocillopora thin section shown
in Figure 7, we highlight how different explanations of coral
calcification have arisen from some of the same observations.
With similar Raman maps, Von Euw et al. (2017) argued
for a completely biologically controlled mechanism, in which
SOM in the COCs produced an amorphous calcium carbonate
(ACC) precursor with greater FWHM. It is important to note
that the evidence for ACC is tenuous because ACC has ν1
FWHM of >20 cm−1 (Wang et al., 2012), which would imply
an increase in FWHM orders of magnitude more than the
∼10% changes observed by both us and Von Euw et al. (2017).
Furthermore, observations with high-resolution transmission
electron microscopy (HRTEM) show that COCs are composed
of ∼100 nm grains oriented as mesocrystals with no clear
sign of ACC (Benzerara et al., 2011), similar to abiogenic
aragonites grown without organic additives (Zhou et al., 2009).
More recent data from photoemission electron spectroscopy
(PEEM) provide stronger evidence that ACC is present in coral
skeleton (Mass et al., 2017), but it is still unknown whether
any ACC formation is related to organic molecules. To illustrate
an alternative explanation from the same data in Figure 7,
the fluorescence and ν1 FWHM patterns can be described by
physicochemical mechanisms without the need for an active
SOM. The greater FWHM in the COCs compared to fibers can
be explained by COC precipitation from higher Ar (DeCarlo
et al., 2017), consistent with nanoscale observations of crystal
size and alignment (Holcomb et al., 2009; van de Locht et al.,
2013). Elevated Ar is achieved by transporting seawater to the
calcifying space and up-regulating pH and/or [Ca2+] (Gagnon
et al., 2012; McCulloch et al., 2012; DeCarlo et al., 2018). Once
precipitation is initiated, the COCs may trap a relatively large
amount of organicmatter from seawater either because they grow
quickly or because the relatively small grains that compose them
have high surface areas (Li and Estroff, 2009; Benzerara et al.,
2011; van de Locht et al., 2013). The fibers then grow under lower
Ar and have less surface area (Holcomb et al., 2009; van de Locht
et al., 2013), potentially trapping less organic matter.
The previous discussion is intended to demonstrate that
interpreting data to fit within one particular mechanism (i.e.,
entirely biological or physicochemical control) is unlikely
to advance our understanding of coral calcification and its
sensitivity to ocean acidification. High Ar is spatially linked
in the skeleton with high SOM content, but it is not yet
clear which one causes the other, or if they are mechanistically
linked at all. Compelling evidence exists for an important role
of SOM in crystal nucleation (e.g., Mass et al., 2013) and its
distribution in the skeleton is clearly not random (Figure 7),
but skeletal geochemistry and the observed sensitivities of corals
to acidified seawater (Chan and Connolly, 2013) cannot be
ignored or dismissed. Whether corals exert some influence over
calcification is not often questioned, and indeed most studies
agree that corals actively mediate the skeleton-building process
(Barnes, 1970; Cohen and McConnaughey, 2003; Tambutté
et al., 2011; McCulloch et al., 2012; Von Euw et al., 2017).
Rather, we need to focus on questions such as what are
the limits of this mediation, what are the metabolic costs,
and what environmental factors (e.g., eutrophication, warming,
acidification) will modulate it.
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